The thermal crown variations of work-roll during hot-strip rolling are analyzed by a finite element model. To further study of thermal crown of workroll, the effects of different parameters are taken into account such as rolling speed, interval time of rolling and cooling water flow rate. Model results show that they have significant effects on the thermal crown of work-roll. In addition, it is concluded that the order of influence degree on the thermal crown of work-roll are the cooling water flow rate, the interval time and the rolling speed, respectively. In order to determine an accurate thermal crown within the workrolls, the three factors in the rolling process should be accurately calculated, especially the parameters of cooling water flow rate.
INTRODUCTION
Hot rolling of metals and alloys is an important industrial process for the manufacturing of plates and sheets. In this process, controlling thermal roll shape of work-rolls during rolling of metals is a significant task in strip shape control. The ability of general control way of strip shape is limited to composite wave and local wave. To accurately control the strip shape within the rolling metal, it is essential to know the thermal crown of work-rolls during and after hot rolling. _________________________ Several works are conducted to calculate thermal crown of work-rolls in which various methods are utilized such as the finite element method (FEM) [1] [2] [3] [4] [5] [6] and Finite difference method (FDM) [7, 8] . Because of the FEM has shortcomings such as large amount of calculation and long running time, it is not suitable for online applications in the process of rolling. However, the factors such as frictional heat, deformation heat, heat conduction and so on in the process of rolling, could be accurately calculated by finite element model of work roll thermal deformation, and the result will be considerably accurate. There are advantages to FDM, such as the small amount of calculation, the fast of running speed, but the accuracy of results of the analysis compare with FEM is lower.
In the process of hot rolling, thermal roll shape of work roll of real-time control is one of the difficult points for strip shape control. At present, most of the works about thermal roll of work-rolls mainly focused on stability condition of work roll in hot rolling process. The thermal roll shape associated with the condition of rolling and rolling time of study is less, this is one of the reasons that unable to achieve the real-time control of hot roll shape.
Based on the heat conduction and the boundary conditions, a threedimensional transient thermal deformation finite element model of work-roll is established to analysis the thermal crown in the process of rolling, including the relations of thermal crown and time, the influence of different factors on the work roll thermal crown and so on.
FINITE ELEMENT MODEL AND BOUNDARY CONDITIONS

Finite Element Model
To reduce the overall computational time, a simplified model is proposed for the numerical investigation. It is based on a three-dimensional finite element model of work-roll alone, under the effects of rotating heating and cooling loadings. As it is emphasized in previous paragraph [9, 10] , the largest temperature gradients within work-roll develop near the surface. Therefore, the mesh detailed in Figure  1 shows element size close to work-roll surface is smaller than other regional element size, and half shaft long model is set up. Geometrical and thermal parameters of work roll which are used in numerical simulations are shown in Table I . 
Boundary Conditions
Because of the temperature gradients and interfacial heat transfer coefficient existing between the work-rolls and the strip, heat flows from the strip to the work-roll. As a result, the temperature of the outer layer of the work-rolls increases rapidly. However, after exiting the contact zone, the work-rolls are then cooled by cooling water and their temperature reduces, and this cycle is repeated in the next revolutions. A critical issue of the analysis consists of the accurate selection of all the thermal boundary conditions and the thermal parameters deserving as input for the numerical simulation. To complete the FEM model, the thermal boundary conditions acting on a work-roll are shown in Fig. 2 , (1) the zone of a-b, the contact zone of work-rolls and the strip, (2) the zone of e-f, the natural convective cooling provided by air, (3) the zones of c-e and f-h, the forced convective cooling provided by water jets, (4) the zones of h-a and b-c, thermal radiation. The numerical values of boundary conditions dominating the situation are presented as follows: 
BOUNDARY CONDITION IN ROLL BITE REGION
The heat transfer between the work -roll and the strip is the main source of heat input of work roll. Because of the impurities existing between the work-rolls and the strip, the roll bite region is also the most complex heat transfer in the rolling process. For thin strip and very high rolling speed, Ginzburg et al [10] suggests this Eq. (1). 3 3 =52.35 10 -4.175 10
The using water between strip and work-rolls in roll bite region, the equation for scale thickness is 
where,
The location of Tw, Tcw, Psp are the temperature of the work-roll, the temperature of the coolant and pressure, respectively. According to the actual situation, the value of γ is1.01.
BOUNDARY CONDITION IN RADIATION REGION
Heat radiation between the strip and the wiper is other way of input heat to the work-roll (Figure.2) . The boundary condition could be obtained as And Devadas et al. [11] suggested that emissivity of roll could be constant ε= 0.5.
RESULTS AND DISCUSSION
The basic parameters for simulation calculation are as follows, the temperature of cooling water is 52 ℃ , the rolling speed is 2.5 m/s; the maximum total flow rate of cooling water is1200 L/min, a row has 34 nozzles and a total of four rows.
The thermal deformation of work roll is caused by the temperature gradients of work-roll. Because of different heat dissipation speed of different zone of work-roll, the distribution of temperature is unevenness. As a result, the distribution of thermal deformation of the work-roll is unevenness. Fig.3 displays the relationship between variation of thermal deformation on work-roll surface and time at different points of work-roll which the distances from work roll edge are 0mm, 110mm, 240mm, 450mm, respectively. It shows that the different zones of work-roll have different thermal deformation, but they have the same relative velocity of thermal deformation. Thermal crown is defined as the difference of thermal deformation between the middle of work roll and the edge of work roll. Fig.4 displays thermal crown and time achieved by the FEM model. As shown in this figure, the thermal deformation increases rapidly in the process of initial rolling. When the total rolling time is 1000s, the thermal crown was 47.6% of the total thermal crown, which the rolling time is 180s. The thermal crown changes slowly with the increase of rolling time, when the time is more than 180 s. 
THE SEQUENCE OF IMPORTANCE ORDER OF ROLLING FACTORS ON THE THERMAL CROWN OF WORK-ROLL
Based on the orthogonality principle, the orthogonal table is designed. It is mainly reflected in two aspects of equilibrium dispersion and comparability. The preferable comprehensive test is obtained only by using orthogonal table to arrange a few simple tests. After that, the critical factor, the sequence of importance order of various factors and the best parameters of the factors are determined, in order to get better test conditions. In other word, the better test scheme is designed by the analysis of a few test results.
In the process of rolling, interval time, rolling speed and cooling water flow are key factors to the work-roll thermal crown. Based on orthogonal experiment method, the importance order of factors influence on work-roll is determined. The experiment is designed according to the L9(34) orthogonal table, the concrete design of experiment is given in table II and the rolling time is 230s. The advantages and disadvantages of test performance are represented by the thermal crown in the right column of the table. The results analysis of the orthogonal test generally includes the analysis of general computational, the analysis of extreme difference and the analysis of variance, etc. However, the analysis of extreme difference is the most commonly used method for orthogonal experiment, because it has some advantages such as simple calculation, visual image and easy to understand, etc.
The result shows that the thermal crown of work-roll is greater while the sum of each level is greater. The extreme difference is defined as the difference of the values between the maximum and the minimum, and it is used as the basis of the importance of factors. In other words, the change of the factor has a significant effect on the result, while the extreme difference is greater. On the contrary, the change of the factor has a limited influence on the result, while the extreme difference is small. Therefore, the importance order of effects on the thermal crown were the cooling water flow rate, the interval time and the rolling speed, respectively. 
CONCLUSIONS
A FEM model has been proposed to evaluate thermal crown in work-roll during hot rolling of aluminum. Effects of different factors, such as the thermal relationship between the work-roll/metal, heat of deformation, thermal radiation and the cooling on the work-roll have been considered in the model.
Results of the thermal analysis for a time transient of 1000 seconds did show that the change of thermal crown is not same in the different positions of workroll shaft. In addition, the change of thermal crown has a similar trend in the different positions. The relative rate of change of the thermal crown decreases with the increase of rolling time.
Based on orthogonal test and extreme difference analysis, the other significant result of the numerical investigation is that the importance order of effects on the thermal crown respectively are the cooling water flow rate, the interval time and the rolling speed.
The results may be of help for a better and more accurate understanding of thermal crown of work-roll and employed for estimating and adjusting thermal crown of work-roll in the actual process of rolling.
